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( 57 ) ABSTRACT 

A catheter for measuring a fractional flow reserve includes 
a proximal shaft , a distal shaft coupled to the proximal shaft , 
a pressure sensor coupled to the distal shaft , and at least one 
pressure sensor wire operably connected to the pressure 
sensor . The proximal shaft includes a radially expanded 
configuration and a radially collapsed configuration , 
wherein the proximal shaft has a first outer diameter in the 
radially expanded configuration and a second outer diameter 
smaller than the first outer diameter in the radially collapsed 
configuration . The distal shaft defines a guidewire lumen 
configured to receive a guidewire therein . 
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COLLAPSIBLE CATHETER AND METHOD FFR catheter disposed over a guidewire occupies a larger 
FOR CALCULATING FRACTIONAL FLOW percentage of the guide catheter lumen than a comparatively 

RESERVE smaller profile FFR wire . Occupying a larger percentage of 
the guide catheter lumen may affect the accuracy of the 

FIELD OF THE INVENTION 5 measured proximal pressure P? , which , as explained above , 
is based on blood filling the lumen of the guide catheter . This 

The present invention relates to systems and methods for error is referred to as dampening of the AO pressure wave . 
calculating a Fractional Flow Reserve . More particularly , the Due to the reduced space between the inner surface of the 
present invention relates to a collapsible catheter for calcu- guide catheter and an outer surface of the proximal portion 
lating a Fractional Flow Reserve . 10 of the FFR catheter / guidewire combination , the pressure at 

the distal end of the guide catheter does not propagate 
BACKGROUND OF THE INVENTION proximally through the guide catheter such that changes in 

the pressure at the distal end of the guide catheter are not 
The severity of a stenosis or lesion in a blood vessel may properly measured by the external pressure transducer . Thus , 

be assessed by obtaining proximal and distal pressure mea- 15 using a larger profile FFR catheter may introduce errors in 
surements relative to the given stenosis and using those the measured proximal pressure ( Pa ) . Such errors would 
measurements for calculating a value of a Fractional Flow then be transferred to the calculation of FFR , which is based 
Reserve ( FFR ) . FFR is defined as the ratio of a distal in part on the measured proximal pressure . 
pressure Pd measures on a distal side of the stenosis to a Further , the lager cross - sectional profile of a distal portion 
proximal pressure P , measured on a proximal side of the 20 of an FFR catheter , as compared to an FFR wire , occupies 
stenosis , typically within the aorta ( FFR = P / P . ) . Conven- a larger percentage of the vessel distal of the guide catheter 
tionally , a sensor is placed on a distal portion of a guidewire and across the stenosis . Occupying a larger percentage of the 
( FFR wire ) to obtain / measure the distal pressure Pd , while an vessel affects the fluid dynamics of the blood flow through 
external pressure transducer is fluidly connected via tubing the stenosis , thereby causing the measured distal pressure Pa 
to a guide catheter for obtaining the proximal , or aortic ( AO ) 25 to deviate from distal pressure of the same vessel and same 
pressure Pq . Once the guide catheter positioned in situ , and stenosis measured with a conventional FFR wire . Deviation 
the pressure of the blood filling the lumen of the guide of the measured distal pressure Pa is transferred to the 
catheter is equal to the pressure of the blood at the distal tip calculated FFR . 
of the guide catheter , tubing that fluidly connects the proxi- Thus , using an FFR catheter may cause the calculated 
mal end of the guide catheter to the external pressure 30 FFR to deviate from FFR calculated using measurements 
transducer also fills with blood such that the external pres- taken with an FFR wire . Because interventional decisions 
sure transducer measures the pressure of the blood at the have been made based on FFR measured using FFR wires , 
distal tip of the guide catheter . The FFR wire is advanced this may lead to “ false positives ” or “ false negatives ” . A 
through the guide catheter and through the lesion to a distal “ false positive ” is where the FFR calculated using measure 
side of the lesion . The sensor on the FFR wire measures the 35 ments taken with an FFR catheter is lower than the threshold 

for intervention ( e.g. below 0.80 ) but if the FFR were 
Calculation of the FFR value provides a stenosis specific calculated using measurements taken with an FFR wire , the 

index of the functional severity of the stenosis in order to FFR would have been higher than the threshold ( e.g. above 
determine whether the blockage limits blood flow within the 0.80 ) . A " false negative ” is where the FFR calculated using 
vessel to an extent that treatment is needed . An optimal or 40 measurements taken with an FFR catheter is higher than the 
normal value of FFR in a healthy vessel is 1.00 , while values threshold for intervention ( e.g. above 0.80 ) but if the FFR 
less than about 0.80 are generally deemed significant and in were calculated using measurements taken with an FFR 
need of an interventional treatment . Common interventional wire , the FFR would have been lower than the threshold 
treatment options include balloon angioplasty and / or stent ( e.g. below 0.80 ) . 
implantation . If an interventional treatment is required , the 45 Accordingly , there is a need to reduce the cross - sectional 
interventional device , such as a balloon catheter , is tracked profile of FFR catheters to minimize deviation of FFR 
over a guidewire to the site of the stenosis . Conventional calculated using an FFR catheter as compared to FFR 
FFR wires generally are not desired by clinicians to be used calculated using an FFR guidewire . 
as guidewires for such interventional devices . Accordingly , 
if an interventional treatment is required , the clinician gen- 50 BRIEF SUMMARY OF THE INVENTION 
erally removes the FFR wire , inserts a conventional 
guidewire , and tracks the interventional device to the treat- Embodiments hereof relate to a catheter for measuring a 
ment site over the conventional guidewire . fractional flow reserve including a proximal shaft , a distal 

To address this concern , efforts have been made to utilize shaft , a pressure sensor , and at least one pressure sensor 
catheters to take pressure measurements for calculating 55 wire . The proximal shaft includes a radially expanded con 
FFR . Using a catheter ( FFR catheter or micro - catheter ) , a figuration and a radially collapsed configuration . The proxi 
clinician may use a preferred guidewire for tracking the FFR mal shaft has a first outer diameter in the radially expanded 
catheter to the site of the stenosis . If an interventional configuration and a second outer diameter in the radially 
treatment is required , the FFR catheter may be removed collapsed configuration . The distal shaft defines a guidewire 
while the guidewire used with the FFR catheter may remain 60 lumen configured to receive a guidewire . The pressure 
in situ , and the interventional device may be tracked over the sensor is coupled to the distal shaft . The at least one pressure 
existing guidewire to the site of the stenosis . sensor wire is operably connected to the pressure sensor and 

However , such FFR catheters are generally larger in extends proximally from the pressure sensor within a distal 
cross - sectional profile than FFR wires . Therefore , some shaft wall of the distal shaft and into a proximal shaft wall 
error may be introduced into the measured proximal pres- 65 of proximal shaft . 
sure P , and the measured distal pressure Pd , as compared to Embodiments hereof also relate to a catheter for measur 
measurements taken using an FFR wire . In particular , an ing a fractional flow reserve including a proximal shaft , a 

a 

distal pressure . 
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distal shaft coupled to the proximal shaft , a pressure sensor a distal shaft coupled to the proximal shaft , a pressure sensor 
coupled to the distal shaft , at least one pressure sensor wire , coupled to the distal shaft , and at least one pressure sensor 
and a movable shaft . The distal shaft is coupled to the wire operably connected to the pressure sensor . The distal 
proximal shaft . The distal shaft defines a guidewire lumen shaft includes a distal portion and a collapsible portion 
configured to receive a guidewire . The at least one pressure 5 proximal of the distal portion . The collapsible portion 
sensor wire is operably connected to the pressure sensor and includes a radially expanded configuration having a first 
extends proximally from the pressure sensor within the diameter and a radially collapsed configuration having a distal shaft proximally through the proximal shaft . The second diameter , wherein the first diameter is larger than the movable shaft includes a lumen sized to receive the proxi second diameter . A guidewire lumen extends through the mal shaft . The catheter includes a first configuration with the 10 collapsible portion and the distal portion of the distal shaft . movable shaft disposed over the proximal shaft and a second The guidewire lumen is configured to receive a guidewire configuration with the movable shaft removed from the therein . The collapsible portion is in the radially expanded proximal shaft 

Embodiments hereof also related to a method for calcu configuration with a guidewire disposed in the guidewire 
lating a Fractional Flow Reserve in a vessel . The method 15 lumen of the collapsible portion , and the collapsible portion 
includes delivering a catheter to a treatment site in the is in the radially collapsed configuration when the guidewire 
vessel . The catheter includes a pressure sensor coupled to a is removed from the guidewire lumen of the collapsible 
distal shaft , a proximal shaft , and a stiffening shaft disposed portion . 
within an expansion lumen of the proximal shaft . The Embodiments hereof are also direct to method for calcu 
catheter is delivered to the treatment site with the stiffening 20 lating a Fractional Flow Reserve in a vessel . The method 
shaft disposed in the expansion lumen and such that the includes delivering a catheter to a treatment site in the 
pressure sensor is located on a distal side of a stenosis of the vessel . The catheter includes a pressure sensor coupled to a 
vessel . The method further includes removing the stiffening distal portion of the catheter . The catheter is delivered to the 
shaft from the expansion lumen such that the proximal shaft treatment site such that the pressure sensor is located on a 
collapses from a radially expanded configuration to a radi- 25 distal side of a stenosis of the vessel and a radially expand 
ally collapsed configuration . The method further includes able portion of the catheter is disposed through the stenosis . 
measuring a distal pressure distal of the stenosis using the The catheter is delivered to the treatment site with the 
pressure sensor and measuring a proximal pressure on a radially expandable portion in a radially expanded configu 
proximal side of the stenosis . The proximal pressure is ration having a first diameter . The method further includes measured with the proximal shaft in the radially collapsed 30 collapsing the radially expandable portion to a radially 
configuration . The method further includes calculating the 
Fractional Flow Reserve using the measured distal pressure collapsed configuration having a second diameter smaller 
and the measured proximal pressure . than the first diameter . The method further includes mea 

Embodiments hereof also relate to a method for calculat suring a distal pressure distal of the stenosis using the 
ing a Fractional Flow Reserve in a vessel . The method 35 pressure sensor . The distal pressure is measured with the 
includes delivering a catheter to a treatment site in the radially expandable portion in the radially collapsed con 
vessel . The catheter includes a pressure sensor coupled to a figuration . The method further includes measuring a proxi 
distal shaft , a proximal shaft , and a movable shaft slidingly mal pressure proximal of the stenosis . The method further 
disposed around an outer surface of the proximal shaft . The includes calculating the Fractional Flow Reserve using the 
catheter is delivered to the treatment site with the movable 40 measured distal pressure and the measured proximal pres 
shaft disposed around the proximal shaft and such that the 
pressure sensor is located on a distal side of a stenosis of the 
vessel . The method further includes removing the movable BRIEF DESCRIPTION OF DRAWINGS 
shaft from around the proximal shaft . The method further 
includes measuring a distal pressure distal of the stenosis 45 FIG . 1 is a side illustration of a catheter for calculating a 
using the pressure sensor and measuring a proximal pressure Fractional Flow Reserve ( FFR ) in accordance with an 
on a proximal side of the stenosis . The proximal pressure is embodiment hereof , with a proximal shaft in a radially 
measured with the movable shaft removed from the proxi- expanded configuration . 
mal shaft . The method further includes calculating the FIG . 2 is a side illustration of the catheter of FIG . 1 with 
Fractional Flow Reserve using the measured distal pressure 50 the proximal shaft in a radially collapsed configuration . 
and the measured proximal pressure . FIG . 3A is a cross - sectional illustration of an embodiment 

Embodiments hereof also relate to a catheter for measur- of the proximal shaft of the catheter of FIG . 1 , taken along 
ing a fractional flow reserve including a proximal shaft , a line 3A - 3A of FIG . 1 . 
distal shaft coupled to the proximal shaft , a pressure sensor FIG . 3B is a cross - sectional illustration of an embodiment 
coupled to the distal shaft , and at least one pressure sensor 55 of the proximal shaft of the catheter of FIG . 2 , taken along 
wire operably connected to the pressure sensor . The proxi- line 3B - 3B of FIG . 2 . 
mal shaft includes a distal portion configured to extend FIG . 4 is a side illustration of an embodiment of a 
through a stenosis in a vessel . The distal portion of the stiffening shaft and hub of the catheter of FIG . 1 . 
proximal shaft includes a radially expanded configuration FIG . 5 is a side illustration of another embodiment of a 
having a first diameter and a radially collapsed configuration 60 catheter for calculating a Fractional Flow Reserve ( FFR ) 
having a second diameter , wherein the first diameter is larger with the proximal shaft in the radially expanded configura 
than the second diameter . The distal shaft includes a tion . 
guidewire lumen configured to receive a guidewire therein . FIG . 6 is a side illustration of the catheter of FIG . 5 with 
The at least one pressure sensor wire extends proximally the proximal shaft in the radially collapsed configuration . 
from the pressure sensor through the distal shaft . FIG . 7A is a cross - sectional illustration of an embodiment 

Embodiments hereof are also directed to a catheter for of the proximal shaft of the catheter of FIG . 5 , taken along 
measuring a fractional flow reserve include a proximal shaft , line 7A - 7A of FIG . 5 . 

sure . 
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FIG . 7B is a cross - sectional illustration of an embodiment following description to refer to a catheter or delivery 
of the proximal shaft of the catheter of FIG . 6 , taken along system are with respect to a position or direction relative to 
line 7B - 7B of FIG . 6 . the treating clinician . Thus , " distal ” and “ distally ” refer to 
FIG . 8 is a side illustration of an embodiment of the positions distant from , or in a direction away from the 

stiffening shaft and hub of the catheter of FIG . 5 . 5 treating clinician , and the terms “ proximal ” and “ proxi 
FIG . 9 is a side illustration of another embodiment of a mally ” refer to positions near , or in a direction toward the 

catheter for calculating a Fractional Flow Reserve ( FFR ) in clinician . The terms “ distal ” and “ proximal ” , when used in 
a first configuration . the following description to refer to a vessel or a stenosis are 
FIG . 9A is a detail view of portion À of FIG . 9 . used with reference to the direction of blood flow . Thus , 
FIG . 10 is a side illustration of the catheter of FIG . 9 in 10 “ distal ” and “ distally ” refer to positions in a downstream 

a second configuration . direction with respect to the direction of blood flow , and the 
FIG . 10A is detailed view of section B of FIG . 10 as the terms “ proximal " and " proximally ” refer to positions in an 

movable shaft is being removed . upstream direction with respect to the direction of blood 
FIG . 10B is a detailed view of section B of FIG . 10 with flow . 

the movable shaft removed . The following detailed description is merely exemplary in 
FIG . 11A is a cross - sectional illustration of an embodi- nature and is not intended to limit the invention or the 

ment of a proximal shaft of the catheter of FIG . 9 , taken application and uses of the invention . Although the descrip 
along line 11A - 11A of FIG . 9 . tion of the invention is in the context of treatment of blood 
FIG . 11B is a cross - sectional illustration of an embodi- vessels such as the coronary arteries , the invention may also 

ment of the proximal shaft of the catheter of FIG . 10 , taken 20 be used in any other body passageways where it is deemed 
along line 11B - 11B of FIG . 10 . useful such as but not limited to peripheral arteries , carotid 
FIG . 12 is a side illustration of another embodiment of a arteries , renal arteries , and / or venous applications . Further 

catheter for calculating a Fractional Flow Reserve ( FFR ) more , there is no intention to be bound by any expressed or 
with a distal portion of the proximal shaft in a radially implied theory presented in the preceding technical field , 
expanded configuration . 25 background , brief summary or the following detailed 
FIG . 13 is a side illustration of the catheter of FIG . 12 with description . 

the distal portion of the proximal shaft in a radially collapsed Referring to FIGS . 1-4 , a catheter ( or micro - catheter ) 100 
configuration . for calculating a Fractional Flow Reserve ( FFR ) according 
FIG . 14A is a cross - sectional illustration of an embodi- to an embodiment of the present disclosure is shown . The 

ment of the distal portion of the proximal shaft of the 30 catheter 100 includes a proximal shaft 102 , a distal shaft 
catheter of FIG . 12 , taken along line 134-14A of FIG . 12 . 108 , a pressure sensor 118 , and at least one pressure sensor 
FIG . 14B is a cross - sectional illustration of an embodi- wire 120. The catheter 100 may further include a hub or 

ment of the distal portion of the proximal shaft of the handle 126 coupled to a proximal end of the proximal shaft 
catheter of FIG . 13 , taken along line 14B - 14B of FIG . 13 . 102 for convenient handling of the catheter 100 , as shown in 
FIG . 15 is a side illustration of another embodiment of a 35 FIGS . 1 and 2. The catheter 100 is configured to be disposed 

catheter for calculating a Fractional Flow Reserve ( FFR ) in a vessel 900 with a proximal portion of the proximal shaft 
with a distal portion of a proximal shaft in a radially 102 extending outside of a patient , and a distal portion of the 
expanded configuration . distal shaft 108 positioned in situ within a lumen 910 of the 
FIG . 16 is a side illustration of the catheter of FIG . 15 with vessel 900 having a lesion or stenosis 902. The catheter 100 

the distal portion of the proximal shaft in a radially collapsed 40 is configured to measure a distal pressure P , on a distal side 
configuration . 906 of the stenosis 902. Various features of the components 
FIG . 17A is a cross - sectional illustration of an embodi of the catheter 100 reflected in FIGS . 1-4 and described 

ment of the distal portion of the proximal shaft of the below can be modified or replaced with different structures 
catheter of FIG . 15 , taken along line 17A - 17A of FIG . 15 and / or mechanisms . 
FIG . 17B is a cross - sectional illustration of an embodi- 45 In an embodiment , the proximal shaft 102 of the catheter 

ment of the distal portion of the proximal shaft of the 100 includes a proximal end 104 and a distal end 106. The 
catheter of FIG . 16 , taken along line 173-17B of FIG . 16 . proximal shaft 102 includes an expansion lumen 128 extend 
FIG . 18 is a side illustration of another embodiment of a ing therethrough from the proximal end 104 to the distal end 

catheter for calculating a Fractional Flow Reserve ( FFR ) 106 , as shown in FIG . 1. However , it is not necessary for the 
with an expandable portion of a distal in a radially expanded 50 expansion lumen 128 to extend to the distal end 106 of the 
configuration . proximal shaft . In other embodiments , the expansion lumen 
FIG . 19 is a side illustration of the catheter of FIG . 18 with 128 may stop proximally of the distal end 106 , but prefer 

the expandable portion a radially collapsed configuration . ably at least to a location where the proximal shaft 102 exits 
FIG . 20A is a cross - sectional illustration of an embodi- the guide catheter 920 ( described below ) . The proximal shaft 

ment of the expandable portion of the catheter of FIG . 18 , 55 102 includes a radially expanded configuration ( FIGS . 1 and 
taken along line 20A - 20A of FIG . 18 3A ) and a radially collapsed configuration ( FIGS . 2 and 3B ) . 
FIG . 20B is a cross - sectional illustration of an embodi- The expansion lumen 128 of the proximal shaft 102 is 

ment of the expandable portion of the catheter of FIG . 19 , configured to receive a stiffening shaft 130 such that with the 
taken along line 20B - 20B of FIG . 19 . stiffening shaft 130 received with the expansion lumen 128 , 

60 the proximal shaft 102 is in the radially expanded configu 
DETAILED DESCRIPTION OF THE ration and with the stiffening shaft 130 not received within 

INVENTION the expansion lumen 128 , the proximal shaft 102 is in the radially collapsed configuration . Thus , the proximal shaft 
Specific embodiments of the present invention are now 102 has a first outer diameter D1 when in the radially 

described with reference to the figures , wherein like refer- 65 expanded configuration and a second outer diameter D2 
ence numbers indicate identical or functionally similar ele- when in the radially collapsed configuration , with the first 
ments . The terms “ distal ” and “ proximal ” , when used in the outer diameter D1 being greater than the second outer 
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diameter D2 , as shown in FIGS . 3A - 3B . As used herein , the features may be provided as part of the distal shaft 108 for 
term “ diameter ” does not have to refer to a circular profile , housing the pressure sensor 118 , such as pockets , openings , 
but instead is used generally to refer to a cross - sectional and similar features . 
dimension . The pressure sensor wire ( s ) 120 include ( s ) a proximal end 
The proximal shaft 102 may be formed of a shape- 5 coupled to the processor 140 and a distal end 121 coupled to 

memory material with a pre - set shape . In the embodiment of the pressure sensor 118. The pressure sensor wire ( s ) 120 
FIGS . 1-3B , the proximal shaft 102 has a pre - set shape in the is / are configured such that pressure sensor 118 is in com 
radially collapsed configuration , as shown in FIGS . 2 and munication with the processor 140. The pressure sensor 
3B . Due to the shape memory material and pre - set shape wire ( s ) 120 may be disposed within the proximal shaft wall 
thereof , the proximal shaft 102 actively recoils to the radi- 10 124 of the proximal shaft 102 and a corresponding distal shaft wall 122 of the distal shaft 108 such that the pressure ally collapsed configuration upon removal of the stiffening sensor wire ( s ) 120 extend ( s ) proximally from the pressure shaft 130 from the expansion lumen 128. The proximal shaft sensor 118 , through the distal shaft wall 122 , through the 102 may be formed of , for example , and not by way of corresponding proximal shaft wall 124 , exiting through the 
limitation , polyether block amide ( e.g. , VESTAMID or 15 hub / handle 126 to the processor 140. The pressure sensor PEBAX ) , thermoplastic elastomers ( TPE ) , or other materi wire ( s ) 120 may be coupled to the pressure sensor 118 by , 
als suitable for the purposes described herein . The proximal for example , and not by way of limitation , adhesives , fusing , 
shaft 102 may be coupled to the hub / handle 126 by , for welding , or any other method suitable for the purposes of the 
example , and not by way of limitation , adhesives , mechani present disclosure . The pressure sensor wire ( s ) 120 may be 
cal connection , fusing , welding , for any other method suit- 20 coupled to the processor 140 by , for example and not by way 
able for the purposes of the present disclosure . of limitation , cables , connectors , antennas , routers , switches , 
FIGS . 1-2 show an embodiment of the distal shaft 108 of or any other coupling suitable for the purposes described 

the catheter 100. The distal shaft 108 includes a proximal herein . 
end 110 and a distal end 112. A guidewire lumen 114 extends While FIGS . 3A - 3B show three ( 3 ) pressure sensor wires 
from the proximal end 110 to the distal end 112. The distal 25 120 , this is not meant to limit the design , and more or fewer 
shaft 108 further includes the pressure sensor 118 and a pressure sensor wires 120 may be utilized . Moreover , the 
distal portion of the pressure sensor wire 120. The distal pressure sensor wires 120 may be eliminated in embodi 
shaft 108 is configured to extend from a proximal side 904 ments wherein a signal from the pressure sensor 118 is sent 
of the stenosis 902 to the distal side 906 of stenosis 902 such to the processor 140 other than via the pressure sensor wires 
that the pressure sensor 118 is disposed on the distal side 906 30 120 , such as , but not limited to , a wireless transmission . 
of stenosis 902 , as shown in FIGS . 1-2 . The guidewire lumen The processor any processor suitable for the 
114 is configured to receive a guidewire 116 therein . A purposes described herein . The processor 140 may include 
proximal guidewire port 168 is disposed at the proximal end such components as a CPU , a display device , an amplifica 
110 of the distal shaft 108. A distal guidewire port 113 is tion and filtering device , an analog - to - digital converter , and 
disposed at the distal end 112 of the distal shaft 108. The 35 various other components . The processor 140 is configured 
distal portion of the pressure sensor wire 120 is disposed to receive a measured proximal pressure Pa and a measured 
within a distal shaft wall 122 of the distal shaft 108. The distal pressure Pd . The processor 140 is further configured to 
distal shaft 108 may be formed of , for example , and not by provide a continuous display of calculated Fractional Flow 
way of limitation , polyethylene , polyether block amide ( e.g. , Reserve ( FFR ) . The processor 140 is coupled to the pressure 
VESTAMID or PEBAX ) , polyamide and / or combinations 40 sensor wires ( s ) 120 such that the processor 140 is in com 
thereof , either blended or co - extruded , or other materials munication with the pressure sensor 118 as described pre 
suitable for the purposes described herein . The distal shaft viously . The processor 140 may be coupled to a proximal 
108 may be coupled to the proximal shaft 102 by , for end of the pressure sensor wire ( s ) 120 via various commu 
example , and not by way of limitation , adhesives , fusing , nication pathways , including but not limited to one or more 
welding , for any other method suitable for the purposes of 45 physical connections including electrical , optical , and / or 
the present disclosure . In other embodiments , the proximal fluid connections , a wireless connection , and / or combina 
shaft 102 and the distal shaft 108 may be formed unitarily . tions thereof . Accordingly , it is understood that additional 
The pressure sensor 118 of the distal shaft 108 , as shown components ( e.g. , cables , connectors , antennas , routers , 

in FIGS . 1-2 , may be a piezo - resistive pressure sensor , a switches , etc. ) not illustrated in FIGS . 1-4 may include 
piezo - electric pressure sensor , a capacitive pressure sensor , 50 devices to facilitate communication between the proximal 
an electromagnetic pressure sensor , an optical pressure end of the pressure sensor wire ( s ) 120 and the processor 140 . 
sensor , and / or combinations thereof or other sensors suitable In other embodiments , instead of the pressure sensor wire ( s ) 
for the purpose described herein . The pressure sensor 118 is 120 , communication between the pressure sensor 118 and 
configured to measure a pressure of a fluid outside the distal the processor be accomplished wirelessly . 
shaft 108. With the pressure sensor 118 disposed on the 55 The stiffening shaft 130 may be a solid core wire . The 
distal side 906 of the lesion 902 , the pressure sensor 118 stiffening shaft 130 is configured to be movable within the 
measures the distal pressure Paof a fluid outside of the distal expansion lumen 128 of the proximal shaft 102 , as shown in 
shaft 108. The pressure sensor 118 is further configured to FIGS . 1-2 . The stiffening shaft 130 is further configured 
communicate the distal pressure P , with a processor 140 . such that when disposed within the expansion lumen 128 of 
The pressure sensor 118 is coupled to the distal shaft 108 of 60 the proximal shelf 102 , the stiffening shaft 130 expands the 
the catheter 100 such that the pressure sensor 118 is disposed proximal shaft 102 to the radially expanded configuration 
on the distal side 906 of stenosis 902 when the distal shaft ( FIGS . 1 and 3A ) . The stiffening shaft 130 , when so dis 
108 is positioned at a treatment site therein , as shown in posed , is configured to provide strength and pushability to 
FIGS . 1-2 . The pressure sensor 118 is coupled to the distal the proximal shaft 102 for delivery of the catheter 100 to the 
shaft 108 by , for example and not by way of limitation , 65 desired treatment site . The stiffening shaft 130 is further 
adhesives , fusing , welding , for any other method suitable for configured such that upon removal from the expansion 
the purposes of the present disclosure . Further , additional lumen 128 of the proximal shaft 102 , the proximal shaft 102 
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collapses to the radially collapsed configuration ( FIGS . 2 pressure transducer 922 is configured to measure proximal 
and 3B ) . An outer surface of the stiffening shaft 130 may or aortic ( AO ) pressure Pa at the distal end of the guide 
have a lubricious coating thereon . The stiffening shaft 130 catheter 920 . 
may be formed of , for example , and not by way of limitation , The external pressure transducer 922 is configured to 
metals such as stainless steel , cobalt , chromium , nickel 5 communicate the measured proximal pressure Pa to the 
and / or molybdenum based alloys ( MP35N , MP2ON , L605 ) , processor 140 via a pressure transducer wire 929 , as shown 
nickel titanium alloys ( NITINOL ) or combinations thereof . in FIG . 2. However , this is not meant to limit the design and 
The stiffening shaft 130 may be made of other materials the external pressure transducer 922 may communicate with 
provided that the stiffening shaft provides sufficient strength the processor 140 by any means suitable for the purposes 
and pushability for the purposes described herein . The 10 described , including , but not limited to , electrical cables , 
lubricious coating on the outer surface of the stiffening shaft optical cables , or wireless devices . Simultaneously , the 
130 may be polytetrafluoroethylene ( PTFE ) or any other pressure sensor 118 measures distal pressure Pd distal of the 
materials suitable for purposes of the present disclosure . stenosis 902. The distal pressure Pd is communicated to the 

In an embodiment shown in FIG . 4 , the hub 126 of the processor 140 , as explained above . The processor 140 cal 
catheter 100 includes a proximal end 136 and a distal end 15 culates the Fractional Flow Reserve ( FFR ) based on the 
138. The hub 126 defines a stiffening shaft lumen 139 distal pressure P , divided by the proximal / aortic pressure PQ 
therein between the proximal end 136 and the distal end 138 . or FFR = P / Pa 
The stiffening shaft lumen 139 is disposed within the hub As explained above , the catheter 100 with the proximal 
126 such that the stiffening shaft lumen 139 aligns longitu- shaft 102 in the radially collapsed configuration has a 
dinally with the expansion lumen 128 , effectively creating a 20 reduced cross - sectional profile ( FIG . 3B ) as compared to the 
continuous lumen from proximal end 136 of the hub 126 proximal shaft 102 in the radially expanded configuration 
extending distally through the proximal end 104 of the ( FIG . 3A ) . As further explained above , because the proximal 
proximal shaft 102 to the distal end 106 of the proximal shaft or aortic pressure Pa is measured using the fluid column 
102 ( FIG . 1 ) and configured to receive the stiffening shaft within the lumen 928 of the guide catheter 920 between an 
130 therein . The stiffening shaft 130 is configured to be 25 outer surface of a guidewire / proximal shaft combination and 
movable within both the stiffening shaft lumen 139 of hub an inner surface of the guide catheter , a larger profile may 
126 and the expansion lumen 128 of the proximal shaft 102 . lead to errors in the measured proximal or aortic pressure Pa 

With an understanding of the components of catheter 100 , Such errors are carried through to the FFR calculation noted 
it is now possible to describe the interactions of the various above because the measured proximal pressure P , is used in 
components and a method to calculate a Fractional Flow 30 the FFR calculation . Thus , reducing the cross - sectional 
Reserve ( FFR ) . Referring back to FIGS . 1-2 , a guide cath- profile leads to a smaller potential for error in the proximal 
eter 920 and the guidewire 116 are advanced through the pressure Pa , and hence a smaller potential for error in the 
vasculature to a desired site . The guidewire 116 may be FFR calculation . Since the size of the guidewire 116 remains 
back - loaded into the catheter 100 ( i.e. , the proximal end of constant , the smaller the cross - sectional profile of the proxi 
the guidewire 116 is loaded into the distal end of the 35 mal shaft 102 , the smaller the potential error in proximal 
guidewire lumen 114 at the distal end 112 of distal shaft ( AO ) pressure measurement Pa . Stated another way , the 
108 ) . The catheter 100 , with the proximal shaft 102 in the smaller the cross - sectional profile of the proximal shaft 102 
radially expanded configuration ( i.e. , with the stiffening of the catheter 100 , the more accurate the proximal ( AO ) 
shaft 130 disposed within the expansion lumen 128 ) may pressure measurement Pa , and therefore a more accurate 
then be advanced over the guidewire 116 and through a 40 FFR value . 
lumen 928 of the guide catheter 920 to the desired treatment Referring to FIGS . 5-8B , a catheter ( or micro - catheter ) 
site . In particular , with a distal end ( not shown ) of the guide 200 for calculating a Fractional Flow Reserve ( FFR ) accord 
catheter 920 disposed at a desired site proximal of the ing to another embodiment of the present disclosure is 
stenosis 902 , such as in the sinus of an aortic valve , the distal shown . The catheter 200 includes a proximal shaft 202 , a 
shaft 108 of the catheter 100 is advanced through the lumen 45 distal shaft 208 , a pressure sensor 218 , and at least one 
928 and distal of the distal end of the guide catheter 920. The pressure sensor wire 220 , as shown in FIGS . 5-7B and 
catheter 100 is advanced such that distal shaft 108 is described in greater detail below . The distal shaft 208 , the 
disposed across the stenosis 902 of the vessel 900 . pressure sensor 218 , and the at least one pressure sensor wire 

With the catheter 100 in position at the treatment site , the 220 are similar to the distal shaft 108 , the pressure sensor 
stiffening shaft 130 is removed from the expansion lumen 50 118 , and the at least one pressure sensor wire 120 of the 
128 of the proximal shaft 102. Removing the stiffening shaft catheter 100 of FIGS . 1-4 . Therefore , details of the distal 
130 results in the proximal shaft 102 collapsing to the shaft 208 , the pressure sensor 218 , and the at least one 
radially collapsed configuration with second outer diameter pressure sensor wire 220 will not be repeated here . The 
D2 , as shown in FIGS . 2 and 3B . With the proximal shaft catheter 200 is configured to be disposed with a proximal 
102 in the radially collapsed configuration , the combination 55 portion of the proximal shaft 202 extending outside of a 
of the guidewire 116 and the proximal shaft 102 occupies a patient , and a distal portion of the distal shaft 208 positioned 
smaller percentage of the lumen 928 of the guide catheter in situ within a lumen 910 of a vessel 900 having a stenosis 
920 , as shown by comparing FIG . 3B to FIG . 3A . With the or lesion 902. The catheter 200 is configured such that the 
catheter 100 in position and the proximal shaft 102 in the catheter 200 measures a distal pressure Pa of blood on a 
radially collapsed configuration , the appropriate pressure 60 distal side 906 of the stenosis 902 . 
measurements may be taken . Thus , blood flow adjacent the In an embodiment , the proximal shaft 202 of the catheter 
distal end of the guide catheter 920 fills the lumen 928 and 200 includes a proximal end 204 , a distal end 206 , and an 
tubing 924 via a port 926 in a proximal portion of the guide expansion lumen 228 extending from the proximal end 204 
catheter 920. The proximal pressure P , at the distal end of to the distal end 206 of the proximal shaft 202. However , it 
the guide catheter 920 is measured by an external pressure 65 is not necessary for the expansion lumen 228 to extend to the 
transducer 922 via the fluid ( blood ) column extending distal end 206 of the proximal shaft 202. In other embodi 
through the lumen 928 and the tubing 922. Thus , the external ments , the expansion lumen 228 may stop proximally of the 
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distal end 206 , but preferably extends distally at least to a proximal shaft 202 to expand to the radially expanded 
location where the proximal shaft 202 exits the guide configuration with the first outer diameter D3 , as shown in 
catheter . The proximal shaft 202 includes a radially FIG . 7A . Due to the shape memory material and pre - set 
expanded configuration ( FIGS . 5 and 7A ) and a radially shape thereof , the elastic frame 254 causes the proximal 
collapsed configuration ( FIGS . 6 and 7B ) . The expansion 5 shaft 202 to actively recoil to the radially collapsed con 
lumen 228 of the proximal shaft 202 is configured to receive figuration after removal of the stiffening shaft 230 from the 
a stiffening shaft 230 such that with the stiffening shaft 230 expansion lumen 228 of the proximal shaft 202 . 
received within expansion lumen 228 , the proximal shaft The liner 250 is circumferentially continuous and forms 
202 is in the radially expanded configuration , and with the the expansion lumen 228 , as shown in FIG . 7A . The elastic 
stiffening shaft 230 not received with expansion lumen 228 , 10 frame 254 and the jacket 252 are non - circumferentially 
the proximal shaft 202 is in the radially collapsed configu- continuous . Accordingly , a circumferential jacket gap 258 is 
ration . The proximal shaft 202 has a first outer diameter D3 disposed between a first circumferential end 270 and a 
when in the radially expanded configuration and a second second circumferential end 272 of jacket 252 , as shown in 
outer diameter D4 when in the radially collapsed configu- FIG . 7A . In the radially collapsed configuration , as shown in 
ration , with the first outer diameter D3 being greater than the 15 FIG . 7B , the liner 250 folds to form a liner overlap portion 
second outer diameter D4 , as shown in FIGS . 7A - 7B . The 262 defined by at least one fold . In one embodiment , overlap 
proximal shaft 202 is disposed distal of and coupled to a hub portion 262 is defined by an inner fold 264 and an outer fold 
226 for convenient handling of the catheter 200. The proxi- 266 of the liner 250. When the liner 250 folds by the radial 
mal shaft 202 may be coupled to the hub 226 by , for example collapse of the elastic frame 254 , the liner 250 forms the 
and not by way of limitation , adhesives , fusing , welding , for 20 liner overlap portion 262 , and the first circumferential end 
any other method suitable for the purposes of the present 270 and the second circumferential 272 of the jacket 252 
disclosure . move closer together , as shown in FIG . 7B . Thus , the 

The proximal shaft 202 may be formed of a shape- circumferential jacket gap 258 is reduced in size , as shown 
memory configuration with a pre - set shape , non - limiting by comparing FIGS . 7A and 7B . In the radially expanded 
examples of which are described in U.S. Pat . No. 9,192,751 25 configuration , the inner fold 264 and the outer fold 266 are 
to Macaulay et al . , which is incorporated by reference herein flattened or stretched apart such that the first and second 
in its entirety . In the embodiment of FIGS . 5-7B , the circumferential ends 270 , 272 of the jacket 252 move apart 
proximal shaft 202 has a pre - set shape in the radially from each other , thereby increasing the circumferential 
collapsed configuration with the second outer diameter D4 . jacket gap 258 , as shown in FIG . 7A . 
Due to the shape memory material and pre - set shape thereof , 30 The stiffening shaft 230 may be a solid core wire , as 
the proximal shaft 202 of the catheter 200 actively recoils to explained above with respect to the stiffening shaft 130. The 
the radially collapsed configuration after removal of the stiffening shaft 230 is configured to be movable within the 
stiffening shaft 230 from the expansion lumen 228 . expansion lumen 228 of the proximal shaft 202 as shown in 
FIGS . 7A - 7B illustrate an embodiment of how the proxi- FIGS . 5-6 . The stiffening shaft 230 is further configured 

mal shaft 202 is configured to collapse upon removal of the 35 such that when disposed within the expansion lumen 228 of 
stiffening shaft 230 from the expansion lumen 228. In such the proximal shaft 202 , the stiffening shaft 230 expands the 
an embodiment , the proximal shaft 202 includes an elastic proximal shaft 202 to the radially expanded configuration 
frame 254 , a liner 250 , and a jacket 252. The elastic frame ( FIGS . 5 and 7A ) . The stiffening shaft 230 , when so dis 
254 may be coupled between the liner 250 and the jacket 252 posed , is configured to provide strength and pushability to 
by lamination , embedding , or other methods suitable for the 40 the proximal shaft 202 for delivery of the catheter 200 to the 
purposes described herein . Although not shown in the draw- desired treatment site . The stiffening shaft 230 is further 
ings , elastic frame 254 is generally tubular . The elastic frame configured such that upon removal of the stiffening shaft 230 
254 may assume various shapes suitable for the purposes from the expansion lumen 228 of the proximal shaft 202 , the 
described herein , embodiments of which are described in proximal shaft 202 collapses to the radially collapsed con 
detail in U.S. Pat . No. 9,192,751 to Macaulay et al . , which 45 figuration ( FIGS . 6 and 7B ) . An outer surface of the stiff 
is incorporated herein by reference in its entirety . Therefore , ening shaft 230 may have a lubricious coating thereon . The 
the details of elastic frame 254 will not be repeated here . The stiffening shaft 230 may be formed of , for example , and not 
elastic frame 254 may be formed of materials such as , but by way of limitation , metals such as stainless steel , cobalt , 
not limited to , nickel - titanium alloys ( e.g. NITINOL ) , chromium , nickel and / or molybdenum based alloys 
nickel - cobalt - chromium - molybdenum alloys ( e.g. MP35N ) , 50 ( MP35N , MP20N , L605 ) , nickel titanium alloys ( NITINOL ) 
stainless steel , high spring temper steel , or any other metal or combinations thereof . The stiffening shaft 230 may be 
or elastomer or composite having elastic properties to permit made of other materials provided that the stiffening shaft 
expansion and recoil suitable for purposes of the present provides sufficient strength and pushability for the purposes 
disclosure . The liner 250 may be constructed of materials described herein . The lubricious coating on the outer surface 
such as , but not limited to , polytetrafluoroethylene ( PTFE ; 55 of the stiffening shaft 230 may be polytetrafluoroethylene 
e.g. Teflon® ) , polyethylene , polyethylene terephthaiate ( PTFE ) or any other materials suitable for purposes of the 
( PET ) , polyester , or other materials suitable for the purposes present disclosure . 
of the present disclosure . The jacket 252 may be constructed In an embodiment shown in FIG . 8 , the hub 226 of the 
of materials such as , but not limited to , polyurethane ( e.g. catheter 200 includes a proximal end 236 and a distal end 
Peliethane © , EiasthaneTM , Texin® , Tecothane® ) , polyamide 60 238. A short stiff shaft 232 is coupled to the distal end 238 
polyether block copolymer ( e.g. Pebax® , nylon 12 ) , poly- of the hub 226. The short stiff shaft 232 extends distally 
ethylene , TPE , Propel , Fuoroguard or other materials suit- within a proximal portion 205 of the expansion lumen 228 
able for the purposes of the present disclosure . of the proximal shaft 202. The short stiff shaft 232 provides 

The elastic frame 254 is of a shape memory material with strength and pushability to the proximal portion 205 of the 
a pre - set shape . In an embodiment , the elastic frame 254 has 65 proximal shaft 202. A stiffening shaft exit port 234 is in 
a pre - set shape in the radially collapsed configuration as communication with the expansion lumen 228 for entry and 
shown in FIG . 7B . The elastic frame 254 enables the exit of the stiffening shaft 230 to the expansion lumen 228 . 
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The stiffening shaft 230 is configured to be movable within As explained above , the catheter 200 with the proximal 
expansion shaft 228 via the stiffening shaft exit port 234 . shaft 202 in the radially collapsed configuration has a 
The design of the proximal shaft 202 with the stiffening shaft reduced cross - sectional profile ( FIG . 7B ) as compared to the 
exit port 234 and the short stiff shaft 232 may be inter proximal shaft 202 in the radially expanded configuration 
changed with other embodiments herein . For example , and 5 ( FIG . 7A ) . As further explained above , because the proximal 
not by way of limitation , the proximal shaft 102 of the or aortic pressure Pa is measured using the fluid column 
embodiment of FIGS . 1-4 may be used with the stiffening within the lumen of the guide catheter between an outer 
shaft exit port 234 and the short stiff shaft 232 of the surface of a guidewire / proximal shaft combination and an 
embodiment of FIGS . 5-8 . Similarly , the proximal shaft 202 inner surface of the guide catheter , a larger profile may lead 
of the embodiment of FIGS . 5-8 may be used with the 10 to errors in the measured proximal or aortic pressure Pa . Such errors are carried through to the FFR calculation noted manner in which the stiffening shaft 130 is introduced and above because the measured proximal pressure P , is used in removed from the proximal shaft 102 of FIGS . 1-4 . the FFR calculation . Thus , reducing the cross - sectional With an understanding of the components of catheter 200 , profile leads to a smaller potential for error in the proximal 
the interactions of the various components and a method to 15 pressure P? , and hence a smaller potential for error in the 
calculate a Fractional Flow Reserve ( FFR ) will now be FFR calculation . Since the size of the guidewire 216 remains 
described . Referring back to FIGS . 5-6 , a guide catheter ( not constant , the smaller the cross - sectional profile of the proxi 
shown but may be similar to guide catheter 920 of FIGS . mal shaft 202 , the smaller the potential error in measured 
1-2 ) and the guidewire 216 are advanced through the vas- proximal ( AO ) pressure Pg . Stated another way , the smaller 
culature to a desired site . The guidewire 216 may be 20 the cross - sectional profile of the proximal shaft 202 of the 
back - loaded into the catheter 200 ( i.e. , the proximal end of catheter 200 , the more accurate the measured proximal ( AO ) 
the guidewire 216 is loaded into the distal end of the pressure Pa , and therefore a more accurate FFR value is 
guidewire lumen 214 at the distal end 212 of the distal shaft calculated . 
208 ) . The catheter 200 , with the proximal shaft 202 in the Referring to FIGS . 9-11B , a catheter ( or micro - catheter ) 
radially expanded configuration ( i.e. , with the stiffening 25 500 for calculating a Fractional Flow Reserve ( FFR ) accord 
shaft 230 disposed within the expansion lumen 228 ) may ing to another embodiment of the present disclosure is 
then be advanced over the guidewire 216 and through a shown . The catheter 500 includes a proximal shaft 502 , a 
lumen of the guide catheter to the desired treatment site . In distal shaft 508 , transition shaft 570 , a pressure sensor 518 , 
particular , with a distal end ( not shown ) of the guide catheter at least one pressure sensor wire 520 , and a movable shaft 
disposed at a desired site proximal of the stenosis 902 , such 30 542. The distal shaft 508 , the pressure sensor 518 , and the at 
as in the sinus of an aortic valve , the distal shaft 208 of the least one pressure sensor wire 520 are similar to the distal 
catheter 200 is advanced through the lumen of the guide shaft 108 , the pressure sensor 118 , and the at least one 
catheter and distal of the distal end of the guide catheter . The pressure sensor wire 120 of the catheter 100 of FIGS . 1-4 . 
catheter 200 is advanced such that distal shaft 208 is Therefore , details of the distal shaft 508 , the pressure sensor 
disposed through the stenosis 902 of the vessel 900 . 35 518 , and the at least one pressure sensor wire 520 will not 

With the catheter 200 in position at the treatment site , the be repeated here . The catheter 500 is configured to be 
stiffening shaft 230 is removed from the expansion lumen disposed with a proximal portion of the proximal shaft 502 
228 of the proximal shaft 202. Removing the stiffening shaft extending outside of a patient , and a distal portion of the 
230 results in the proximal shaft 202 collapsing to the distal shaft 508 positioned in situ within a lumen 910 of a 
radially collapsed configuration with the second outer diam- 40 vessel 900 having a stenosis or lesion 902. The catheter 500 
eter D3 , as shown in FIGS . 6 and 7B . With the proximal is configured such that the catheter 500 measures a distal 
shaft 202 in the radially collapsed configuration , the com- pressure P , of blood in the vessel 900 on a distal side 906 of 
bination of the guidewire 216 and the proximal shaft 202 the stenosis 902 . 
occupies a smaller percentage of the lumen of the guide The catheter 500 includes a first configuration ( FIGS . 9 , 
catheter , as shown by comparing FIG . 7B to FIG . 7A . With 45 9A and 11A ) with the movable shaft 542 disposed over the 
the catheter 200 in position and the proximal shaft 202 in the proximal shaft 502 , and a second configuration ( FIGS . 10 , 
radially collapsed configuration , the appropriate pressure 10B and 11B ) with the movable shaft 542 not disposed over 
measurements may be taken . Thus , blood flow adjacent the the proximal shaft 502. The first configuration is generally 
distal end of the guide catheter fills the lumen of the guide used to deliver the catheter 500 through the vasculature to 
catheter and tubing via a port in a proximal portion of the 50 the desired treatment site . Thus , with the movable shaft 542 
guide catheter . The proximal pressure P , at the distal end of disposed over the proximal shaft 502 , the movable shaft 542 
the guide catheter is measured by an external pressure provides strength and pushability to the proximal shaft 502 . 
transducer via the fluid ( blood ) column extending through When at the desired treatment site , the movable shaft 542 
the lumen of the guide catheter and the tubing . Thus , the may be retracted proximally such that the proximal shaft 502 
external pressure transducer is configured to measure the 55 occupies a smaller area of the guide catheter . 
proximal or aortic ( AO ) pressure Pe at the distal end of the As noted above , the catheter 500 includes a transition 
guide catheter . shaft 570. The transition shaft 570 is disposed between the 

The external pressure transducer is configured to com- proximal shaft 502 and the distal shaft 508. Thus , a proximal 
municate the measured proximal pressure P , to a processor end 572 of the transition shaft 570 is disposed adjacent a 
240 via a pressure transducer wire , similar to as described 60 distal end 506 of the proximal shaft 502 and a distal end 574 
above with respect to FIG . 2. Simultaneously , the pressure of the transition shaft 570 is disposed adjacent a proximal 
sensor 218 measures the distal pressure Pa distal of the end 510 of the distal shaft 508. The transition shaft 570 
stenosis 902. The distal pressure P , is communicated to the serves as a transition from the proximal shaft 502 to the 
processor 240 , as explained above . The processor 240 cal- distal shaft 508. The transition shaft 570 includes a 
culates the Fractional Flow Reserve ( FFR ) based on the 65 guidewire port 576 for entry of the guidewire 516 into the 
distal pressure P , divided by the proximal / aortic pressure Pa transition shaft 570 and the distal shaft 508. Although the 
or FFR = P2 / P2 transition shaft 570 is described separately in the embodi 

d 

a 

a 

a 

a 

d 

d 

d 



a 

a 

a 

a 

US 11,219,741 B2 
15 16 

ment of FIGS . 9-11B , the transition shaft may be considered pressure sensor wire ( s ) 520 may exit through the groove 
part of the distal shaft 508. Further , other embodiments 550. While the groove 550 is desirable , it is not necessary . 
described herein may include such a transition shaft even if If the movable shaft 542 did not include a groove 550 , when 
not specifically described , and the present embodiment need the movable shaft 542 is retracted , the portion of the 
not include a transition shaft . 5 pressure sensor wire ( s ) 520 proximal of the hub 526 would 

In an embodiment , the proximal shaft 502 may be a need to be at least as long as the movable shaft 542 in order 
hollow shaft with the pressure sensor wire ( s ) 520 disposed to provide room for the movable shaft 542 to retract over the 
within a central passageway of the hollow shaft . The proxi- pressure sensor wire ( s ) 520 proximal of the hub 526. By 
mal shaft 502 includes a proximal end 504 coupled to a providing the groove 550 , the proximal portion of the 
hub / handle 526 and a distal end 506 coupled to the transition 10 pressure sensor wires ( s ) 520 may exit the movable shaft 542 
shaft 570. The proximal shaft 502 is disposed distal of and through the groove 550 at any longitudinal position of the 
coupled to a hub / handle 526. It is desirable for the proximal movable shaft 542. The moveable shaft 542 may be formed 
shaft to have a minimized cross - sectional profile in order to of , for example , and not by way of limitation , polyethylene , 
occupy a smaller percentage of a passageway of a guide polyether block amide ( PEBA , e.g. VESTAMID , PEBAX ) , 
catheter . In an embodiment , the proximal shaft 502 has an 15 thermoplastic elastomers ( TPE ) , polyimide and / or combina 
outer diameter of approximately 0.014 inch , which is tions thereof , either blended or co - extruded , or other mate 
equivalent to the outer diameter of FFR wires . The proximal rials suitable for the purposes described herein . The movable 
shaft 502 may be formed of materials such as , but not limited shaft 542 may be selectively coupled to the hub 526 by a 
to , stainless steel , cobalt , chromium , nickel and / or molyb- mechanical locking mechanism disposed with the hub 526 
denum based alloys ( MP35N , MP20N , L605 ) , nickel tita- 20 and actuated by a trigger , coupling mechanisms suitable for 
nium alloys ( NITINOL ) or combinations thereof . The proxi- the purposes described herein . For example , and not by way 
mal shaft 502 may also be formed of materials such , but not of limitation , the movable shaft 542 may be selectively 
limited to , polyethylene , polyether block amide ( PEBA , e.g. coupled to the hub 526 by a locking key / pin arrangement , a 
VESTAMID , PEBAX ) , thermoplastic elastomers ( TPE ) , reversible snap fit connection , an interference fit , or other 
polyamide and / or combinations thereof , either blended or 25 suitable couple mechanisms . 
co - extruded , or other materials suitable for the purposes By utilizing the movable shaft 542 disposed over the 
described herein . The proximal shaft 502 may be coupled to proximal shaft 502 , the proximal shaft 502 can have a 
the hub 526 by , for example , and not by way of limitation , smaller cross - sectional profile than would be required for 
adhesives , fusing , welding , for any other method suitable for pushability without the movable shaft 542. Thus , with the 
the purposes of the present disclosure . 30 movable shaft 542 in the first configuration ( FIGS . 9 and 

In an embodiment , the movable shaft 542 is generally 11A ) , the proximal portion of the catheter 500 has a first 
tubular with a c - shape cross - section , as shown in FIGS . 9 outer diameter D5 ( FIG . 11A ) which is the outer diameter of 
and 11A . The movable shaft 542 includes a proximal end the movable shaft 542. The combined strength of the proxi 
546 and a distal end 548. The movable shaft 542 includes a mal shaft 502 and the movable shaft 542 provides sufficient 
lumen 544 extending from the proximal end 546 to the distal 35 strength and pushability for the delivering the catheter 500 
end 548 ( FIG . 11A ) . The movable shaft 542 further includes to the desired treatment site . Once at the desired treatment 
a groove 550 extending longitudinally from the proximal site , the movable shaft 542 may be retracted proximally and 
end 546 distally to the distal end 548. Groove 550 also withdrawn ( FIGS . 10 , 10A , 10B , and 11B ) such that the 
extends radially from an inner surface of the movable shaft proximal portion of the catheter 500 has a second outer 
542 to an outer surface of the movable shaft 542 , as shown 40 diameter D6 which is smaller than the first outer diameter 
in FIG . 11A . The movable shaft 542 is configured to be D5 . The second outer diameter D6 is the outer diameter of 
slidably disposed over the proximal shaft 502 such that the proximal shaft 502. In one example , the second outer 
when the movable shaft 542 is disposed over the proximal diameter D6 is 0.014 inch , but this is not meant to be 
shaft 502 , the catheter 500 is in the first configuration ( FIGS . limiting 
9 and 11A ) , and when the movable shaft 542 is not disposed 45 With an understanding of the components of catheter 500 , 
over the proximal shaft , the catheter 500 is in the second it is now possible to describe the interactions of the various 
configuration ( FIGS . 10 and 11B ) . The movable shaft 542 is components and a method to calculate a Fractional Flow 
further configured to be selectively coupled to the hub 526 Reserve ( FFR ) . Referring back to FIGS . 9-10 , a guide 
such that with the movable shaft 542 disposed over the catheter ( not shown but similar to FIG . 1 ) and the guidewire 
proximal shaft 502 and selectively coupled to the hub 526 , 50 516 are advanced through the vasculature to a desired site . 
the distal end 548 of the movable shaft 542 contacts a The guidewire 516 may be back - loaded into the catheter 500 
proximal end 572 of the transition shaft 570 ( FIGS . 9 , 9A ) ( i.e. , the proximal end of the guidewire 516 is loaded into the 
( the first configuration ) . In this first configuration , a distally distal end of the guidewire lumen 514 at the distal end of 
directed force DF applied to the hub 526 is transferred to the distal shaft 508 ) . The catheter 500 is in the first configuration 
movable shaft 542 coupled thereto . The distally directed 55 with the movable shaft 542 disposed over the proximal shaft 
force DF is transferred along the movable shaft 542. The 502 and locked in place by the locking mechanism of the 
distal end 548 of the movable shaft 542 transfers the distally hub 526. The catheter 500 may then be advanced over the 
directed force DF to the proximal end 572 of the transition guidewire 516 and through a lumen of the guide catheter to 
shaft 570 ( FIGS . 9 and 9A ) . Thus , with the movable shaft the desired treatment site . In particular , with a distal end of 
542 in the first configuration , the movable shaft 542 provides 60 the guide catheter disposed at a desired site proximal of the 
strength and pushability to the catheter 500 for delivery to stenosis 902 , such as in the sinus of an aortic valve , the distal 
the desired treatment site . shaft 508 of the catheter 500 is advanced through the lumen 

The groove 550 in the movable shaft 542 is a longitudinal of the guide catheter and distal of the distal end of the guide 
groove configured such that the movable shaft 542 may be catheter . The catheter 500 is advanced such that distal shaft 
advanced or retracted over the proximal shaft 502 while 65 508 is disposed across the stenosis 902 of the vessel 900 . 
providing an exit for the proximal portion of the pressure With the catheter 500 in position at the treatment site , the 
sensor wire ( s ) 520. Thus , the groove 550 is sized such that movable shaft 542 is removed from around the proximal 
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shaft 502. Removing the movable shaft 542 results in the In an embodiment , the proximal shaft 602 of the catheter 
catheter 500 being in the second configuration with only the 600 is a hollow shaft including a proximal end 604 coupled 
proximal shaft 502 as the proximal portion of the catheter , a hub / handle 626 , a distal end 606 , and an inflation lumen 
as shown in FIGS . 10 and 11B . With the movable shaft 542 660 extending from the proximal end 604 of the proximal 
removed , the combination of the guidewire 516 and the 5 shaft 602 to a distal portion 607 of the proximal shaft 602 . 
proximal shaft 502 occupies a smaller percentage of the The distal portion 607 of the proximal shaft 602 is config 
lumen of the guide catheter , as shown by comparing FIG . ured to extend through the stenosis 902 of the vessel 900 
11B to FIG . 11A . With the catheter 500 in position and in the when the catheter 600 is positioned for measuring the distal 
second configuration , the appropriate pressure measure- pressure Pd . The distal portion 607 of the proximal shaft 602 
ments may be taken . Thus , blood flow adjacent the distal end is further configured to be radially expandable from a 
of the guide catheter fills the lumen and tubing via a port in radially collapsed configuration ( FIGS . 13 and 14B ) to a 
a proximal portion of the guide catheter . The proximal radially expanded configuration ( FIGS . 12 and 14A ) . The 
pressure P at the distal end of the guide catheter is measured distal portion 607 of the proximal shaft 602 has a first outer 
by an external pressure transducer via the fluid ( blood ) 15 diameter D7 when in the radially expanded configuration 
column extending through the lumen of the guide catheter ( FIG . 14A ) and a second outer diameter D8 when in the 
and the tubing . Thus , an external pressure transducer is radially collapsed configuration ( FIG . 14B ) , with the first 
configured to measure the proximal or aortic ( AO ) pressure diameter D7 being greater than the second diameter D8 . In 
P at the distal end of the guide catheter . an embodiment , the distal portion 607 of the proximal shaft 

The external pressure transducer is configured to com- 20 602 is formed of an elastic shape - memory material with a 
municate the measured proximal pressure P , to a processor pre - set shape . In the embodiment of FIGS . 12-14B , the 
( not shown ) via a pressure transducer wire , as explained proximal shaft 602 has a pre - set shape in the radially 
above with respect to the catheter 100. However , this is not collapsed configuration with the second outer diameter D8 , 
meant to limit the design and the external pressure trans- as shown in FIGS . 13 and 14B . Due to the shape memory 
ducer may communicate with the processor by any means 25 material and pre - set shape thereof , the distal portion 607 of 
suitable for the purposes described , including , but not lim- the proximal shaft 602 of the catheter 600 actively recoils to 
ited to , electrical cables , optical cables , or wireless devices . the second outer diameter D8 after removal of the inflation 
Simultaneously , the pressure sensor 518 measures distal fluid from the inflation lumen 660. The expandable distal 
pressure Pa of blood distal of the stenosis . The distal pres- portion 607 of the proximal shaft 602 may be formed as 
sure Pa is communicated to the processor , as explained 30 described above with respect to the proximal shafts 102 , 202 
above . The processor calculates the Fractional Flow Reserve of the catheters 100 , 200. For example , and not by way of 
( FFR ) based on the distal pressure Pa divided by the proxi- limitation , the distal portion 607 of the proximal shaft 602 
mal / aortic pressure Pq , or FFR = P / Pa may be formed as described in U.S. Pat . No. 9,1 , 751 to 
As explained above , the proximal portion of the catheter Macaulay et al . , which is incorporated by reference herein in 

500 with the movable shaft 542 removed has a reduced 35 its entirety . The distal portion 607 of the proximal shaft 602 
cross - sectional profile ( FIG . 11B ) as compared to the proxi- may be formed of material such as , but not limited to , 
mal portion of the catheter 500 with the movable shaft 542 polyether block amide ( PEBA , e.g. VESTAMID , PEBAX ) , 
disposed over the proximal shaft 502 ( FIG . 11A ) . As further thermoplastic elastomers ( TPE ) , or other materials suitable 
explained above , because the proximal or aortic pressure Pa for the purposes described herein . The proximal shaft 602 
is measured using the fluid column within the lumen of the 40 may be coupled to the hub / handle 626 by adhesives , fusing , 
guide catheter between an outer surface of a guidewire / welding , or any other method suitable for the purposes of the 
proximal shaft combination and an inner surface of the guide present disclosure . 
catheter , a larger profile may lead to errors in the measured The inflation lumen 660 includes a proximal end 670 at a 
proximal or aortic pressure Pa Such errors are carried proximal end 601 of the catheter 600 configured to be in 
through to the FFR calculation noted above because the 45 fluid communication with an inflation fluid source ( not 
measured proximal pressure P , is used in the FFR calcula- shown ) . The inflation lumen 660 extends through the proxi 
tion . Thus , reducing the cross - sectional profile leads to a mal shaft 602 to a distal end 672 of the inflation lumen 660 
smaller potential for error in the proximal pressure Pa and in fluid communication with an interior cavity 609 of the 
hence a smaller potential for error in the FFR calculation . distal portion 607 of the proximal shaft 602 , as shown in 

Referring to FIGS . 12-14B , a catheter ( or micro - catheter ) 50 FIGS . 12-13 . The distal portion 607 of the proximal shaft 
600 for calculating a Fractional Flow Reserve ( FFR ) accord- 602 is configured to radially expand when the interior cavity 
ing to another embodiment of the present disclosure is 609 of the distal portion is filled with an inflation fluid , 
shown . The catheter 600 includes a proximal shaft 602 , a thereby transitioning to the radially expanded configuration 
distal shaft 608 , a pressure sensor 618 , and at least one with the first outer diameter D7 ( FIGS . 12 and 14A ) . The 
pressure sensor wire 620 , as shown in FIGS . 12-13 . The 55 distal portion 607 of the proximal shaft 602 is further 
pressure sensor 618 and the at least one pressure sensor wire configured such that as the pressure of the inflation fluid 
620 are similar to the pressure sensor 118 and the at least one within the interior cavity 609 is reduced , the outward radial 
pressure sensor wire 120 of the catheter 100. Therefore , force of the inflation fluid exerted on the inner surface of the 
details of the pressure sensor 618 and the at least one distal portion 607 decreases such that the distal portion 607 
pressure sensor wire 620 will not be repeated here . The 60 transitions to the radially collapsed configuration with the 
catheter 600 is configured to be disposed with a proximal second outer diameter D8 ( FIGS . 13 and 14B ) . When the 
portion of the proximal shaft 602 extending outside of a interior cavity 609 of the distal portion 607 of the proximal 
patient , and a distal portion of the distal shaft 608 positioned shaft 602 is filled with inflation fluid such that the distal 
in situ within a lumen 910 of a vessel 900 having a stenosis portion is in the radially expanded configuration , strength 
or lesion 902. The catheter 600 is configured such that the 65 and pushability of the distal portion 607 is increased as 
catheter 600 measures a distal pressure Pa of blood on a compared to when the inflation fluid is drained from the 
distal side 906 of the stenosis 902 . interior cavity 609. Thus , as described in more detail below , 
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the distal portion 607 is in the radially expanded configu- The external pressure transducer is configured to com 
ration during delivery of the catheter 600 to the desired municate measured proximal pressure Pa to a processor ( not 
treatment site . shown ) via a pressure transducer wire , as explained above 

In an embodiment , the distal shaft 608 of the catheter 600 with respect to the catheter 100. However , this is not meant 
includes a proximal end 610 and a distal end 612. A portion 5 to limit the design and the external pressure transducer may 
of the proximal end 610 of the distal shaft 608 is coupled to communicate with the processor by any means suitable for 
a distal end 606 of the proximal shaft 602 by adhesives , the purposes described , including , but not limited to , elec 
fusing , welding , or any other method suitable for the pur trical cables , optical cables , or wireless devices . Simultane 
poses of the present disclosure . The distal shaft 608 further ously , the pressure sensor 618 measures distal pressure Pd of 

10 blood distal of the stenosis . The distal pressure Pd is com includes a guidewire lumen 614 configured to receive a 
guidewire 616 therein , as shown in FIGS . 12-13 . The distal municated to the processor , as explained above . The pro 
shaft 608 further includes a proximal guidewire exit port 668 cessor calculates the Fractional Flow Reserve ( FFR ) based 

on the distal pressure Pd divided by the proximal / aortic at a proximal portion 664 of the distal shaft 608 configured 
to provide entry and exit of the guidewire 616 to the pressure P? , or FFR = P / Pq . 

As explained in the Background Section above , an FFR guidewire lumen 614. The distal shaft 608 further includes catheter with a guidewire extending therethrough occupies a 
a distal guidewire exit port at the distal end 612 of the distal larger percentage of the vessel 900 through the stenosis 902 
shaft 608. The distal shaft 608 further includes the pressure than a conventional FFR wire . This disrupts the blood flow 
sensor 618 and a distal portion of the pressure sensor wire ( s ) through the stenosis , which can lead to a measured distal 
620. The distal portion of the pressure sensor wire ( s ) 620 20 pressure Pa which does not correlate to a distal pressure 
may be disposed within a distal shaft wall 622 of the distal measured distal of the same stenosis with an FFR wire . 
shaft 608. The distal shaft 608 is configured to be disposed Further , the FFR catheter needs sufficient pushability to be 
on the distal side 906 of the stenosis 902 such that the delivered through the vasculature to the treatment site , 
pressure sensor 618 is disposed on the distal side 906 of which may increase the size of such FFR catheters . In the 
stenosis 902 . 25 embodiment of FIGS . 12-14B , the distal portion 607 of the 

With an understanding of the components of the catheter proximal shaft 602 is inflated during delivery of the catheter 
600 above , it is now possible to describe the interactions of 600 to the treatment site to provide sufficient pushability . 
the various components and a method to calculate a Frac- Once at the treatment site , the distal portion 607 may be 
tional Flow Reserve ( FFR ) . Referring back to FIGS . 12-13 , deflated such that the overall cross - sectional profile of the 
a guide catheter ( not shown but as described above with 30 guidewire 616 and distal portion 607 in the radially col 
respect to FIGS . 1-2 ) and the guidewire 616 are advanced lapsed configuration is equivalent to the cross - sectional 
through the vasculature to a desired site . The guidewire 616 profile of an FFR wire . Thus , the measured distal pressure Pd 
may be back - loaded into the catheter 600 ( i.e. , the proximal is equivalent to the measured distal pressure using an FFR 
end of the guidewire 616 is loaded into the distal end of the wire . 
guidewire lumen 614 at the distal end 612 of the distal shaft 35 Referring to FIGS . 15-17B , a catheter ( or micro - catheter ) 
608 ) . The catheter 600 is in the radially expanded configu- 700 for calculating a Fractional Flow Reserve ( FFR ) accord 
ration with the distal portion 607 of the proximal shaft 602 ing to another embodiment of the present disclosure is 
inflated . The catheter 600 may then be advanced over the shown . The catheter 700 includes a proximal shaft 702 , a 
guidewire 616 and through a lumen of the guide catheter to distal shaft 708 , a pressure sensor 718 , and at least one 
the desired treatment site . In particular , with a distal end of 40 pressure sensor wire 720. The distal shaft 708 , pressure 
the guide catheter disposed at a desired site proximal of the sensor 718 and the at least one pressure sensor wire 720 are 
stenosis 902 , such as in the sinus of an aortic valve , the similar to the distal shaft 608 , pressure sensor 118 and the at 
catheter 600 is advanced through the lumen of the guide least one pressure sensor wire 120 described above with 
catheter until the distal shaft 608 is distal of the distal end of respect to the catheter 600 ( regarding the distal shaft ) and the 
the guide catheter and on the distal side 906 of the stenosis 45 catheter 100 ( regarding the pressure sensor and the pressure 
902 , as shown in FIG . 12 . sensor wire ( s ) ) . Therefore , details of the distal shaft 708 , the 

With the catheter 600 in position the treatment site , the pressure sensor 718 , and the at least one pressure sensor wire 
inflation fluid is drained from the interior cavity 609 of the 720 will not be repeated here . The catheter 700 is configured 
distal portion 607 of the proximal shaft 602. Thus , the distal to be disposed with a proximal portion of the proximal shaft 
portion 607 of the proximal shaft 602 returns to the radially 50 702 extending outside of a patient , and a distal portion of the 
collapsed configuration shown in FIGS . 13 and 14B . With distal shaft 708 positioned in situ within a lumen 910 of a 
the distal portion 607 of the proximal shaft 602 in the vessel 900 having a stenosis or lesion 902. The catheter 700 
radially collapsed configuration , the combination of the is configured to measure a distal pressure Pa of blood on a 
guidewire 616 and the distal portion 607 occupies a smaller distal side 906 of the stenosis 902 . 
percentage of the vessel 900 through the stenosis 902 , as 55 The proximal shaft 702 is disposed distal of and coupled 
shown by comparing FIG . 14B to FIG . 14A . With the to a hub 726 by adhesives , fusing , welding , or any other 
catheter 600 in position and in the radially collapsed con- method suitable for the purposes of the present disclosure . 
figuration , the appropriate pressure measurements may be Proximal shaft 702 is a hollow shaft having a proximal end 
taken . Thus , blood flow adjacent the distal end of the guide 704 , and distal end 706 , and an interior cavity 760. Proximal 
catheter fills the lumen and tubing via a port in a proximal 60 shaft 702 may be formed of an elastic shape - memory 
portion of the guide catheter . The blood pressure Pa at the material with a pre - set shape such that proximal shaft 702 is 
distal end of the guide catheter is measured by an external radially expandable from a radially collapsed configuration 
pressure transducer via the fluid ( blood ) column extending ( FIGS . 16 and 17B ) to a radially expanded configuration 
through the lumen of the guide catheter and the tubing . Thus , ( FIGS . 15 and 17A ) . The proximal shaft 702 has first 
an external pressure transducer is configured to measure 65 diameter D9 when in the radially expanded configuration 
proximal or aortic ( AO ) pressure Pe at the distal end of the and a second diameter D10 when in the radially collapsed 
guide catheter . configuration , with the first diameter D9 being greater than 
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the second diameter D10 , as shown in FIGS . 17A - 17B . In adjacent the distal end of the guide catheter fills the lumen 
the embodiment of FIGS . 15-17B , the proximal shaft 702 of the guide catheter to an external transducer via tubing and 
has a pre - set shape in a radially collapsed configuration with a port in a proximal portion of the guide catheter . The blood 
the second diameter D10 , as shown in FIGS . 16 and 17B . pressure Pa at the distal end of the guide catheter is measured 
Due to the shape memory material and pre - set shape thereof , 5 by the external pressure transducer via the fluid ( blood ) 
the proximal shaft 702 actively recoils to the radially col- column extending through the lumen of the guide catheter 
lapsed configuration upon removal of inflation fluid from the and the tubing . Thus , the external pressure transducer is 
inflation interior cavity 760. The expandable proximal shaft configured to measure the proximal or aortic ( AO ) pressure 
702 may be formed as described above with respect to the Pa at the distal end of the guide catheter . 
proximal shafts 102 , 202 of the catheters 100 , 200. For 10 The external pressure transducer is configured to com 
example , and not by way of limitation , the proximal shaft municate measured proximal pressure P , to a processor ( not 
702 may be formed as described in U.S. Pat . No. 9,192,751 shown ) via a pressure transducer wire , as explained above 
to Macaulay et al . , which is incorporated by reference herein with respect to the catheter 100. However , this is not meant 
in its entirety . The proximal shaft 702 may be formed of , for to limit the design and the external pressure transducer may 
example , and not by way of limitation , polyether block 15 communicate with the processor by any means suitable for 
amide ( PEBA , e.g. VESTAMID , PEBAX ) , thermoplastic the purposes described , including , but not limited to , elec 
elastomers ( TPE ) , or other materials suitable for the pur- trical cables , optical cables , or wireless devices . Simultane 
poses described herein . ously , the pressure sensor 718 measures distal pressure Pa of 

The interior cavity 760 includes a proximal end 770 in blood distal of the stenosis . The distal pressure Pd is com 
fluid communication with an inflation fluid source ( not 20 municated to the processor , as explained above . The pro 
shown ) through an inflation lumen 762 disposed through the cessor calculates the Fractional Flow Reserve ( FFR ) based 
hub 726. The interior cavity 760 also includes a distal end on the distal pressure Pa divided by the proximal / aortic 
772 adjacent a location where the proximal shaft 702 is pressure P? , or FFR = P / Pq . 
coupled to the distal shaft 708. The proximal shaft 702 is As explained in the Background Section above , an FFR 
configured such that the inflation fluid , pumped under pres- 25 catheter with a guidewire extending therethrough occupies a 
sure into the interior cavity 760 , fills the interior cavity 760 larger percentage of the vessel 900 through the stenosis 902 
and exerts an outward radial force on an inner surface of the than a conventional FFR wire . This disrupts the blood flow 
proximal shaft 702 such that the proximal shaft 702 transi- through the stenosis , which can lead to a measured distal 
tions to the radially expanded configuration ( FIGS . 15 and pressure Pd which does not correlate to a distal pressure 
17A ) . The proximal shaft 702 is further configured such that 30 measured distal of the same stenosis with an FFR wire . 
as the pressure of the inflation fluid within the interior cavity Similarly , a proximal portion of an FFR catheter with a 
760 is reduced , the outward radial force of the inflation fluid guidewire disposed therein occupies a larger percentage of 
exerted on the inner surface of the proximal shaft 702 the lumen of the guide catheter , thereby possibly causing the 
decreases such that the proximal shaft 702 transitions to the measured proximal pressure P , to not correlate to a proximal 
radially collapsed configuration ( FIGS . 16 and 17B ) . The 35 pressure measured by an FFR wire . However , with the 
proximal shaft 702 with interior cavity 760 filled with proximal shaft 702 in the radially collapsed configuration , 
inflation fluid under pressure ( i.e. , the radially expanded the cross - sectional profile of the distal portion 707 of the 
configuration ) has sufficient strength and pushability for proximal shaft 702 disposed through the stenosis 902 is 
delivery of the catheter 700 to the desired treatment site . negligible . Thus , the combined cross - sectional profile of the 

With an understanding of the components of the catheter 40 guidewire 716 and the distal portion 707 of the proximal 
700 above , it is now possible to describe the interactions of shaft is equivalent to an FFR wire alone passing through the 
the various components and a method to calculate a Frac- stenosis 902. Further , the cross - sectional of the proximal 
tional Flow Reserve ( FFR ) . Referring back to FIGS . 15-16 , portion of the proximal shaft 702 extending through the 
a guide catheter ( not shown but as described above with lumen of the guide catheter occupies is also negligible . Thus , 
respect to FIGS . 1-2 ) and the guidewire 716 are advanced 45 the cross - sectional profile if the guidewire 716 and the 
through the vasculature to a desired site . The guidewire 716 proximal portion of the proximal shaft 702 extending 
may be back - loaded into the catheter 700 ( i.e. , the proximal through the guide catheter is equivalent to the cross - sec 
end of the guidewire 716 is loaded into the distal end of the tional profile of an FFR wire . Therefore , FFR measured with 
guidewire lumen 714 at the distal end 712 of the distal shaft the catheter 700 with the proximal shaft in the radially 
708 ) . The catheter 700 is in the radially expanded configu- 50 collapsed configuration is equivalent to the FFR measured 
ration with the proximal shaft 702 inflated with inflation with an FFR wire , thereby alleviating the need for 
fluid . The catheter 700 may then be advanced over the rection factor . 
guidewire 716 and through a lumen of the guide catheter to Referring to FIGS . 18-20B , a catheter ( or micro - catheter ) 
the desired treatment site . In particular , with a distal end of 800 for calculating a Fractional Flow Reserve ( FFR ) accord 
the guide catheter disposed at a desired site proximal of the 55 ing to another embodiment of the present disclosure is 
stenosis 902 , such as in the sinus of an aortic valve , the shown . The catheter 800 includes a proximal shaft 802 , a 
catheter 700 is advanced through the lumen of the guide distal shaft 808 , a pressure sensor 818 , and at least one 
catheter until the distal shaft 708 is distal of the distal end of pressure sensor wire 820. The pressure sensor 818 and the at 
the guide catheter and on the distal side 906 of the stenosis least one pressure sensor wire 820 are similar to the pressure 
902 , as shown in FIG . 15 . 60 sensor 118 , and the at least one pressure sensor wire 120 

With the catheter 700 in position at the treatment site , the described above with respect to the catheter 100. Therefore , 
inflation fluid is drained from the interior cavity 760 of the details of the pressure sensor 818 and the at least one 
proximal shaft 702. Thus , the proximal shaft 702 returns to pressure sensor wire 820 will not be repeated here . The 
the radially collapsed configuration shown in FIGS . 16 and catheter 800 is configured to be disposed with a proximal 
17B . With the catheter 700 in position and the proximal shaft 65 portion of the proximal shaft 802 extending outside of a 
702 in the radially collapsed configuration , the appropriate patient and a distal portion of the distal shaft 808 positioned 
pressure measurements may be taken . Thus , blood flow in situ within a lumen 910 of a vessel 900 having a stenosis 
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or lesion 902. The catheter 800 is configured to measure a catheter 800 , less pushability is required than near the 
distal pressure Pa of blood on a distal side 906 of the stenosis proximal end of the catheter 800. The guidewire 816 is 
902 . configured to be movable within the guidewire lumen 814 of 

In an embodiment , the proximal shaft 802 of the catheter the catheter 800 as shown in FIGS . 18-19 . Upon retraction 
800 may be a hollow shaft with the pressure sensor wires ( s ) 5 of the guidewire 814 from the expandable portion 809 , as 
820 extending through a lumen of the proximal shaft 802. In shown in FIG . 19 , the expandable portion 809 of the 
other embodiment , the proximal shaft 822 may be a solid proximal shaft 802 collapses to the radially collapsed con 
core wire with the pressure sensor wire ( s ) attached to an figuration , as previously described . 
outer surface thereof . The proximal shaft 802 includes a With an understanding of the components of the catheter 
proximal end coupled to a handle or hub 826 and a distal end 10 800 above , it is now possible to describe the interactions of 
806 coupled to the distal shaft 808. The proximal shaft 802 the various components and a method to calculate a Frac 
is configured to provide sufficient stability and pushability to tional Flow Reserve ( FFR ) . Referring back to FIGS . 18-19 , 
advance catheter 800 to the desired treatment site . a guide catheter ( not shown but as described above with 

In an embodiment , the distal shaft 808 of the catheter 800 respect to FIGS . 1-2 ) and the guidewire 816 are advanced 
includes a proximal end 810 coupled to the distal end 806 of 15 through the vasculature to a desired site . The guidewire 816 
the proximal shaft 802 , and a distal end 812 defining a distal may be back - loaded into the catheter 800 ( i.e. , the proximal 
end of the catheter 800. As shown in FIGS . 18-19 , the distal end of the guidewire 816 is loaded into the guidewire exit 
shaft 808 may be described as including a proximal or port 813 at the distal end of the guidewire lumen 814 ) . As 
guidewire receiving portion 811 , an expandable portion 809 , the catheter 800 is advanced over the guidewire 816 , the 
and a distal or sensor portion 813. A guidewire lumen 814 20 guidewire 816 expands the expandable portion 809 to the 
is defined within the distal shaft 808. The guidewire lumen radially expanded configuration . As the catheter 800 con 
814 extends distally from a guidewire port 868 in the tinues to advance over the guidewire 816 , the guidewire 
proximal portion 811 of the distal shaft 808 to a guidewire exits the catheter 800 through guidewire port 868 proximal 
exit port 813 at the distal end of the distal shaft 808. The of the expandable portion 809. The catheter 800 is advanced 
guidewire lumen 814 is configured to accept a distal portion 25 over the guidewire 816 and through a lumen of the guide 
of the guidewire 816 therein , as shown in FIG . 18. The distal catheter to the desired treatment site . In particular , with a 
shaft 808 further includes the pressure sensor 818 and a distal end of the guide catheter disposed at a desired site 
distal portion of the pressure sensor wire ( s ) 820 disposed proximal of the stenosis 902 , such as in the sinus of an aortic 
within a distal shaft wall 822. The distal shaft 808 is valve , the catheter 800 is advanced through the lumen of the 
configured to be disposed on the distal side 906 of the 30 guide catheter until the distal shaft 808 is distal of the distal 
stenosis 902 such that the pressure sensor 818 is disposed on end of the guide catheter such that the expandable portion 
the distal side 906 of stenosis 902. The distal shaft 808 may 809 traverses the stenosis 902 and the pressure sensor 818 is 
be coupled the proximal shaft 802 by , for example , and on the distal side 906 of the stenosis 902 , as shown in FIG . 
not by way of limitation , adhesives , fusing , welding , for any 18 . 
other method suitable for the purposes of the present dis- 35 With the catheter 800 in position at the treatment site , the 
closure . guidewire 816 is retracted proximally such that the 
The expandable portion 809 of the distal shaft 808 is guidewire 816 is proximal of the expandable portion 809 but 

configured to extend through the stenosis 902 of the vessel still disposed within the guidewire lumen 814 , as shown in 
900 when the catheter 800 is positioned for measuring the FIG . 19. Essentially , a distal end of the guidewire 816 is 
distal pressure Pd on a distal side 906 of the stenosis 902. 40 disposed within the guidewire lumen 814 between the 
The expandable portion 809 is expandable and collapsible guidewire port 868 and the expandable portion 809 , as 
such that the expandable portion 809 includes a radially shown in FIG . 19. Retraction of the guidewire from the 
expanded configuration ( FIGS . 18 and 20A ) and a radially guidewire lumen 814 of the expandable portion 809 causes 
collapsed configuration ( FIGS . 19 and 20B ) . The expand- the expandable portion 809 to radially collapse to the 
able portion 809 has a first diameter D11 when in the radially 45 radially collapsed configuration shown in FIGS . 19 and 20B . 
expanded configuration and a second diameter D12 when in With the catheter 800 in position and expandable portion 
the radially collapsed configuration , with the first diameter 809 in the radially collapsed configuration , the appropriate 
D11 being greater than the second diameter D11 , as shown pressure measurements may be taken . Thus , blood flow 
in FIGS . 20A - 20B . The expandable portion 809 is formed of adjacent the distal end of the guide catheter fills the lumen 
an elastic shape - memory material with a pre - set shape . In 50 of the guide catheter to an external transducer via tubing and 
the embodiment of FIGS . 18-20B , the expandable portion a port in a proximal portion of the guide catheter . The blood 
809 has a pre - set shape in the radially collapsed configura- pressure Pa at the distal end of the guide catheter is measured 
tion with the second diameter D12 , as shown in FIGS . 19 by the external pressure transducer via the fluid ( blood ) 
and 20B . Due to the shape memory material and pre - set column extending through the lumen of the guide catheter 
shape thereof , the expandable portion 809 actively recoils to 55 and the tubing . Thus , the external pressure transducer is 
the second diameter D12 upon removal of the guidewire 816 configured to measure proximal , or aortic ( AO ) pressure Pa 
from the guidewire lumen 814. The expandable portion 809 at the distal end of the guide catheter . 
may be formed as described above with respect to the The external pressure transducer is configured to com 
proximal shafts 102 , 202 of the catheters 100 , 200. For municate measured proximal pressure Pa to a processor ( not 
example , and not by way of limitation , the expandable 60 shown ) via a pressure transducer wire , as explained above 
portion 809 may be formed as described in U.S. Pat . No. with respect to the catheter 100. However , this is not meant 
9,192,751 to Macaulay et al . , which is incorporated by to limit the design and the external pressure transducer may 
reference herein in its entirety . communicate with the processor by any means suitable for 

In the embodiment of FIGS . 18-20B , the guidewire 816 the purposes described , including , but not limited to , elec 
provides stability to the expandable portion 809 during 65 trical cables , optical cables , or wireless devices . Simultane 
delivery of the catheter 800 to the treatment site . Because the ously , the pressure sensor 818 measures distal pressure Pd of 
expandable portion 809 is near the distal end 812 of the blood distal of the stenosis . The distal pressure Pa is com d 
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municated to the processor , as explained above . The pro- 3. The catheter of claim 2 , wherein the proximal shaft is 
cessor calculates the Fractional Flow Reserve ( FFR ) based formed of a shape memory material including a pre - set 
on the distal pressure Pa divided by the proximal / aortic shape . 
pressure Pa , or FFR = P / Pq . 4. The catheter of claim 3 , wherein the pre - set shape of the 

As explained in the Background Section above , an FFR 5 proximal shaft is the radially collapsed configuration , and 
catheter with a guidewire extending therethrough occupies a wherein the proximal shaft is expanded to the radially 
larger percentage of the vessel 900 through the stenosis 902 expanded configuration by the stiffening shaft . 
than a conventional FFR wire . This disrupts the blood flow 5. The catheter of claim 4 , wherein the proximal shaft through the stenosis , which can lead to a measured distal comprises an extruded elastic material such that in the pressure Pa which does not correlate to a distal pressure 10 radially collapsed configuration the extruded elastic material measured distal of the same stenosis with an FFR wire . In 
the embodiment of FIGS . 18-20B , with the expandable collapses the expansion lumen , and wherein the stiffening 
portion 809 in the radially collapsed configuration , the shaft extending through the expansion lumen expands the 
cross - sectional profile of the collapsible portion 809 dis expansion lumen such that the proximal shaft is in the 
posed through the stenosis 902 is equivalent to the cross- 15 radially expanded configuration . 
sectional profile of an FFR wire . For example , and not by 6. The catheter of claim 4 , wherein the proximal shaft 
way of limitation , the second diameter D12 may be approxi- comprises a circumferentially continuous material layer , an 
mately 0.014 inch . Therefore , because the cross - sectional elastic frame , and a partially non - circumferentially continu 
profile of the expandable portion 809 is similar to the ous material layer connected to the elastic frame and sur 
cross - sectional profile of an FFR wire crossing the stenosis 20 rounding the circumferentially continuous material layer , 
902 , the measured distal pressure Pa is equivalent to the the partially non - circumferentially continuous material layer 
measured distal pressure using an FFR wire . Therefore , the having a gap , 
FFR calculated using measurements taken with the catheter wherein in the radially collapsed configuration the gap has 
800 with the expandable portion 809 in the radially col- a first circumferential length , and wherein in the radi 
lapsed configuration is equivalent to the FFR calculated 25 ally expanded configuration the gap has a second 
using measurements taken with an FFR wire , thereby alle circumferential length larger than the first circumfer 
viating the need for a correction factor . ential length . 

While only some embodiments according to the present 7. The catheter of claim 6 , wherein the circumferentially 
invention have been described herein , it should be under continuous layer includes a fold in the collapsed configu stood that they have been presented by way of illustration 30 ration , and wherein the circumferentially continuous layer and example only , and not limitation . Various changes in unfolds to expand to the radially expanded configuration . form and detail can be made therein without departing from 8. The catheter of claim 1 , further comprising at least one the spirit and scope of the invention . Further , each feature of 
each embodiment discussed herein , and of each reference pressure sensor wire operably connected to the pressure 
cited herein , can be used in combination with the features of 35 sensor , wherein the at least one pressure sensor wire extends 
any other embodiment . For example , and not by way of proximally from the pressure sensor within a distal shaft 
limitation , the embodiments describing a radially expand wall and extends proximally into a proximal shaft wall of the 
able / collapsible proximal shaft may be combined with the proximal shaft 
embodiments describing a radially expandable / collapsible 9. A method for calculating a Fractional Flow Reserve in 
distal shaft . All patents and publications discussed herein are 40 a vessel , the method comprising the steps of : 
incorporated by reference herein in their entirety . delivering a catheter to a treatment site in the vessel , the 
What is claimed is : catheter including a pressure sensor coupled to a distal 
1. A catheter for measuring a fractional flow reserve , the shaft , a proximal shaft including a proximal end 

catheter comprising : coupled to a hub , and a stiffening shaft disposed within 
a proximal shaft , wherein at least a proximal portion of 45 an expansion lumen of the proximal shaft disposed at 

the proximal shaft adjacent a hub of the catheter least adjacent to a proximal portion of the proximal 
coupled to a proximal end of the proximal shaft shaft adjacent the hub , wherein the catheter is delivered 
includes a radially expanded configuration and radi to the treatment site with the stiffening shaft disposed 
ally collapsed configuration , wherein at least the proxi in the expansion lumen and such that the pressure 

sensor is located on a distal side of a stenosis of the mal portion of the proximal shaft has a first outer 50 
diameter in the radially expanded configuration and a vessel ; 
second outer diameter in the radially collapsed con removing the stiffening shaft from the expansion lumen 
figuration , wherein the first outer diameter is larger than such that at least the proximal portion of the proximal 
the second outer diameter ; shaft collapses from a radially expanded configuration 

a distal shaft coupled to the proximal shaft , the distal shaft 55 to a radially collapsed configuration , wherein at least a 
defining a guidewire lumen configured to receive a portion of the distal shaft does not collapse ; 
guidewire therein , wherein at least a portion of the measuring a distal pressure distal of the stenosis using the 
distal shaft is not collapsible ; and pressure sensor ; 

a pressure sensor coupled to the distal shaft . measuring a proximal pressure on a proximal side of the 
2. The catheter of claim 1 , further comprising a stiffening 60 stenosis , wherein the proximal pressure is measured 

shaft movable within an expansion lumen of the proximal with the proximal shaft in the radially collapsed con 
shaft , wherein the proximal shaft is in the radially expanded figuration ; 
configuration with the stiffening shaft disposed in the expan calculating the Fractional Flow Reserve using the mea 
sion lumen , and wherein the proximal shaft is in the radially sured distal pressure and the measured proximal pres 
collapsed configuration with the stiffening shaft removed 65 
from the expansion lumen . 

sure . 


